The pressure-induced superconductivity in sulfur hydride has recently received tremendous amount of interest for its record-breaking transition temperature (Tc) of 203 K. We extensively discuss an infinite sequence of metastable structures of sulfur hydride under high pressure which has been recently proposed theoretically [R. Akashi et al., Phys. Rev. Lett. 117, 075503 (2016)]. The newly found structures are understood as the stacked layers of H 2 S and H 3 S, showing close similarity to the Magnéli phases formed in transition-metal oxides. The possible emergence of the "HxS Magnéli" phases are discussed as intermediate metastable phases in the formation of the high-Tc H 3 S phase. Superconducting transition temperatures and the Xray diffraction patterns are simulated with the first-principles calculations. It is demonstrated that the HxS Magnéli phases could serve as the silver bullet to explain the complicated dependences of the observed Tcs and diffraction patterns on the experimental protocol.
Introduction
The recent discovery of high-temperature superconductivity in compressed H 2 S [1, 2] has tremendous impact on the basic science. Its maximum transition temperature (Tc) is as high as 203K, which is higher than the long-standing champion data observed in Hg-cuprate. This groundbreaking news has attracted a surge of interest and its theoretical studies have been conducted extensively by various groups . Remarkably, accurate first-principles calculations have shown that the observed high Tc is well reproduced by the conventional phonon-mediated super-*Corresponding Author: Ryosuke Akashi: Dept. of Physics, The University of Tokyo, Japan, E-mail: akashi@cms.phys.s.u-tokyo.ac.jp
The pressure-induced superconductivity in sulfur hydride has recently received tremendous amount of interest for its record-breaking transition temperature ( ) of 203 K. We extensively discuss an infinite sequence of metastable structures of sulfur hydride under high pressure which has been recently proposed theoretically [R. Akashi , 075503 (2016) ]. The newly found structures are understood as the stacked layers of H S, showing close similarity to the Magnéli phases formed in transition-metal oxides. The possible emergence of the "H S Magnéli" phases are discussed as intermediate metastable phases in the formation of the high-S phase. Superconducting transition temperatures and the Xray diffraction patterns are simulated with the first-principles calculations. It is demonstrated that the H S Magnéli phases could serve as the silver bullet to explain the complicated dependences of the observed conducting theory [8-12, 15, 17, 20] . Although possibilities of unconventional mechanisms are still under investigation [6, 21, [23] [24] [25] , these first-principles results strongly suggest that the phonon-mediated pairing has a pivotal role, which is also in accord with the experimentally observed hydrogen isotope effect [1] . According to the recent X-ray diffraction measurement [2] , the observed record Tc is not of the solid phases of H 2 S, but of its decomposition product H 3 S. In prior to the first experimental discovery, P1 and Cmca phases of H 2 S and R3m and Im3m phases of H 3 S have been predicted to be stable and metallic at pressures above 100 GPa [3, 4] . In particular, the electron-phonon coupling in the latter phases has been estimated to be strong enough to reproduce the experimentally observed Tc over 200 K [3, 4] . They have also been shown to be the most stable thermodynamically among the HxS 1−x systems [7] . The emergence of the H 3 S phases is thus being accepted as the most plausible scenario for the high-Tc superconductivity.
However, the reaction and kinetic route(s) of the phase transformation to the high-Tc H 3 S phase has been elusive: The efficient experimental protocol to realize the highTc phases is still to be established as significant dependence on the experimental compression and annealing procedures has been reported [1, 2, [30] [31] [32] . Phases with various structures and compositions have been proposed with the first-principles structure-search methods, some of which have been suggested as the intermediate products [8, 16, 30, 31, 33] . Consistent explanation of the experimental scheme dependence of Tc within the conventional superconducting theory has been nevertheless unprecedented.
Recently, we have found an infinite sequence of metastable crystal phases having the composition HxS (2≤x≤3) from first principles [34] . The presence of this sequence enables us to understand consistently the experimentally observed superconducting properties and their protocol dependence with the conventional phononmediated superconducting theory. In this article, we discuss the implications of the theoretical proposal of these so-called "HxS-Magnéli" phases [34] with extended data.
In Ref.
[34], we first pointed out a significant relation between the previously proposed metallic structures for H 2 S and H 3 S. The P1-H 2 S, Cmca-H 2 S and Im3m-H 3 S phases can be constructed by employing the same unit as the building blocks. That unit, two interlaced H 2 S square nets, is displayed in Fig. 1 (a). The above-mentioned H 2 S structures can be formed by stacking the units of this form in a way so that local fcc-like structure is formed ( Fig. 1  (b) ). Uniform and alternating sequences of the stacking orientation yield the P1 and Cmca structures, respectively (Figs. 1 (c) and (d)). On the other hand, the bcc Im3m-H 3 S (or its distorted variant R3m-H 3 S) can be formed by making edge-sharing bonding between the neighboring units and subtracting the extra edges ( Fig. 1 (e) ). From this remarkable commonality, we have proposed an extended group of crystal structures formed by arbitrary sequences of the interunit bonds seen in those structures; α,ᾱ, and β ( Fig. 1 (c) -(e)). As a result, long-range modulated layered structures with arbitrary order of H 2 S and H 3 S layers are formed.
A typical member of the proposed structural group is shown in Fig. 1 (f) . This structure is formed by stacking the units in order "αβᾱβ" and its unit cell is composed of H 14 S 6 . Crystal structures with arbitrary atomic composition HxS 1−x with 2/3 < x < 3/4 are obtained from the corresponding appropriate permutations consisting of the α, α and β bonds. Such mechanism to form the crystal is sim- ilar to those of the Magnéli phases of transition metal oxides (Tm)Ox with Tm=Ti, V, Mo, W [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] . The structure of a representative member of the Magnéli phases, Ti 4 O 7 , is depicted in Fig. 1(g) Remarkably, these newly proposed structures have been found to be as stable as the coexistence of P1-and Cmca-H 2 S and R3m-H 3 S structures. In a wide range of pressure, the first-principles calculations of formation enthalpy ∆H(HxS 1−x ) have been done for several members of the "HxS Magnéli" phases which are appended in Fig. 2 H S "αβ" 7 3 H S "αββ" 10 4 H S "αβββ" 13 5 H S "αβx9" implying that the microscopic interpenetration of the H 2 S and H 3 S phases in the layered fashion requires little activation enthalpy. Note that the Magnéli phases are basically not the most stable phase among the HxS 1−x crystal phases. In Fig. 2 , the decomposition lines into H 3 S and S are drawn. The fact that the data points for the Magnéli phases are mostly located above the line indicates that the Magnéli phases will, in the thermodynamic limit, decompose into the H 3 S and S phases. Nevertheless, they can be relevant in the experimental situation as metastable phases. An important thing is that the transitions between Magnéli phases require only local transformations of the interunit bonding [α(ᾱ) → β+nHS (subtraction of the redundant edge); α(ᾱ)+nH 2 → 2β (absorption of extra hydrogen)]. Remarkably, the driving force of these two transformation becomes positive (see Supplemental Material in Ref. [34] ). From the enthalpy calculation, also, the stability of neighboring Magnéli phases are almost the same. These structural similarity and competing stability suggests that the reaction barrier of this local transformation is small. Starting from the H 2 S solid phase, the gradual transformation through the sequence of the Magnéli phases is hence likely to occur in low-temperature situations.
The idea of reaction path through the metastable Magnéli phases is significant in that it yields consistent explanation of the experimentally observed behavior of Tc. According to the first experimental report, the value of Tc gradually increases from ∼50 K to ∼ 150K when the applied pressure is increased at low temperature (∼200 K). It has been shown that this behavior is reproduced from the first principles based on the phononmediated superconducting theory. Assuming that the volume fraction of the H 3 S region increases upon pressure, we were able to select a set of the Magnéli phases so that the first-principles calculated Tc values agree well with the observed ones; αβ, αββ, αβββ and αβ × 9 phases (Fig. 3 (c)) for 130GPa, 180GPa, 190GPa and 200GPa , respectively. Electron-phonon coupling strength, electronelectron screened Coulomb interaction, and theoretical Tc on top of them were calculated with the state-of-the-art first principles scheme [45] [46] [47] [48] [49] . The resulting values of Tc are indicated by four-fold star in Fig. 3(a) , whereas other physical quantities are appended in Table 1 . As the fraction of β increases, the electron-phonon coupling is enhanced, which results in reproducing the observed increase of Tc. The origin of the enhancement of λ can be traced back to the increase of the electronic density of states (DOS) at the Fermi energy. Previous electronic structure calculations have shown that a sharp peak structure in the DOS emerges at the Fermi energy in the H 3 S phases [18, 19, 23] , which is due to the van Hove singularity. We have shown [34] for (a) the previously proposed H 2 S and H 3 S structures, (b) some Magnéli phases yielding disordered patterns, and (c) a selected array of the Magnéli phases dominated by β bonds, with varying fraction of β bonds. The left panels show the patterns in the small-angle region, where the peak intensity is magnified. The simulation has been carried out with RIETAN-VENUS [50] . To simulate the small-angle diffractions, setting of asymmetry parameter for the peak shape (ASYM12) has been slightly changed. The arrows in panel (b) indicate the diffraction peaks due to the long-range periodicity, whose intensities are quite weak because of the similarity between the "αααᾱ" and "α" structures that the peak gradually sharpens as the ratio of β increases 3(b). The monotonic correlation between the coupling λ and the DOS (Table I) ing [1] also agrees with the metastability of the Magnéli phases.
We have carried out the simulation of X-ray diffraction patterns of the Magnéli phases. The results are summarized in Fig. 4 . Although we have found a variety of patterns, we have roughly categorized those into two groups. First, the patterns tend to be much disordered when the fraction of β bond is small; namely, the H 2 S regions dominate. Representative patterns are shown in Fig. 4(b) . Second, the diffraction patterns from the Magnéli phases dominated by β bond are generally similar to that of the pristine H 3 S. The differences are subtle; peak separation, shift, etc (Fig. 4(c) ). The various experimental patterns reported up to now [2, 30, 31] could therefore be generally involved by the Magnéli phases. Small-angle diffraction peaks due to the long-range structural modulation are commonly predicted to be formed (left panels). Although their peak intensities are far smaller than the major peaks, it could serve as the experimental signature of the emergent HxS Magnéli phases.
On top of the single Magnéli phases, we can also infer possible emergence of structures/superstructures, according to an analogy to the case of the transition-metal oxides. In the latter, not only the single-crystal Magnéli phases but also stripe superstructures composed of sequential regions of different Magnéli phases have been found experimentally [51, 52] . It is plausible that similar superstructures can be also formed in the hydrogen-sulfide case, as depicted in Fig. 5 (a) . Another possible structure implied by the HxS-Magnéli phase is a disorderly stacked bulk formed by random orders of the α,ᾱ and β stackings (Fig. 5 (b) ).
A difficult challenge is how to directly determine the single HxS Magnéli phases and Magnéli superstructures experimentally. As indicated by Fig. 4 , the representative features in the diffraction patterns from the single Magnéli phases are subtle or disordered. The possible disordered stacking will further smear the signatures. In the case of transition metal oxides, high-resolution electronbeam probes such as the transmission microscope and the Laue patterns were crucial to establish the presence of the Magnéli phases [43] . However, it is obviously not straightforwardly applicable to the target in the diamond anvil cell. Investigation on the transport and optical properties of the HxS Magnéli-type modulated structures is desired for future establishment of their existence (or absence).
In this article, we have discussed the recent theoretical proposal about the possible formation of so-called HxS Magnéli phases under extremely high pressure [34] . It enables a consistent explanation about the peculiar pressure dependence of Tc observed in the pioneering experiment of Drozdov et al, within the conventional phononmediated superconducting theory. The concept of possible emergence of such infinite sequential structures will help us to deepen our understanding of the pressure-induced high-Tc superconducting phenomena in sulfur hydride.
